Abstract Anopheles stephensi acts as vector of Plasmodium parasites, which are responsible for malaria in tropical and subtropical areas worldwide. Currently, malaria management is a big challenge due to the presence of insecticide-resistant strains as well as to the development of Plasmodium species highly resistant to major antimalarial drugs. Therefore, the present study focused on biosurfactant produced by two bacteria Bacillus subtilis A1 and Pseudomonas stutzeri NA3, evaluating them for insecticidal applications against malaria mosquitoes. The produced biosurfactants were characterized using FT-IR spectroscopy and gas chromatography-mass spectrometry (GC-MS), which confirmed that biosurfactants had a lipopeptidic nature. Both biosurfactants were tested against larvae and pupae of A. stephensi. LC 50 values were 3.58 (larva I), 4.92 (II), 5.73 (III), 7.10 (IV), and 7.99 (pupae) and 2.61 (I), 3.68 (II), 4.48 (III), 5.55 (IV), and 6.99 (pupa) for biosurfactants produced by B. subtilis A1 and P. stutzeri NA3, respectively. Treatments with bacterial surfactants led to various physiological changes including longer pupal duration, shorter adult oviposition period, and reduced longevity and fecundity. To the best of our knowledge, there are really limited reports on the mosquitocidal and physiological effects due to biosurfactant produced by bacterial strains. Overall, the toxic activity of these biosurfactant on all young instars of A. stephensi, as well as their major impact on adult longevity and fecundity, allows their further consideration for the development of insecticides in the fight against malaria mosquitoes.
Introduction
Anopheles stephensi acts as vector of Plasmodium parasites, which are responsible for malaria in tropical and subtropical areas worldwide (Benelli and Mehlhorn 2016) . In 2013, about 198 million cases of malaria have been recorded and 584,000 deaths have been estimated among them. After 2000, malaria mortality rates have fallen by 47% worldwide, specifically by 54% in the African region (Mehlhorn 2008) . However, novel outbreaks of malaria after suppression in many countries have been documented (Mehlhorn 2008; Benelli et al. 2016a, b) . Currently, malaria management is a big challenge due to the presence of insecticide-resistant strains as well as to the development of Plasmodium species highly resistant to major antimalarial drugs (see for a review). A proficient way to manage mosquito vectors could be targeting young instars (Mahesh Kumar et al. 2012; Benelli 2015a) , even if this solution is mostly suitable for urban areas, while the employ of larvicides within IVM is not recommended for rural environments (Benelli and Beier 2017) . Eco-friendly and efficient control tools are therefore needed (Knight et al. 2003) . Various plant derivatives have been used by researchers to control the mosquito vector populations, and good examples include Polygonum hydropiper, Origanum scabrum, and Clausena anisata (Pushpalatha and Muthukrishnan 1995; Maheswaran and Ignacimuthu 2014; Govindarajan et al. 2016; Mukandiwa et al. 2016 ). In addition, recent studies proposed green synthesized nanoparticles, fabricated using herbal preparations, to control mosquito vectors (Poopathi et al. 2015; Murugan et al. 2015; Subramaniam et al. 2015; Benelli 2016a, b; Subramaniam et al. 2016; Murugan et al. 2016) .
Besides, toxins from bacteria Bacillus sphaericus and Bacillus thuringenesis var. israelensis have been also reported as extremely useful in mosquito larval control, they are toxic at very low dosage toward mosquitoes and harmless to nontarget organisms, with special reference to vertebrates (Das and Mukherjee 2006) . Several variations among bioactivity on mosquitoes have been, for example, the biolarvicide extracted from B. sphaericus, less effective against Anopheles culicifacies and barely competent against Aedes aegypti (Mittal 2003) . Most importantly, growing resistance to B. thuringiensis toxins has been reported among various mosquito species (see Melo et al. 2016 for a review).
Other bacterial strains and their metabolites have been also used to control mosquitoes; good examples include Bacillus subtilis (Das and Mukherjee 2006; and Bacillus circulans (Darriet and Hougard 2002) . A biosurfactant rhamnolipid produced by Pseudomonas aeruginosa has been proposed to control A. aegypti (Silva et al. 2015) , while the biosurfactant 'di-rhamnolipid' produced by the bacterium Pseudomonas fluorescens has been noted as active against the pupae of A. aegypti, A. stephensi, and Culex quinquefasciatus (Prabakaran et al. 2015) . However, literature about the biocontrol potential of bacterial surfactants against malaria mosquito vectors remains scarce, and very little has been done to shed light on the damaging potential of biosurfactants on mosquito fecundity and longevity.
B. subtilis produces a wide range of biologically active compounds, such as fatty acids and lipopeptides, which have potential interest for current pharmacology, including their use as antibacterial, antiviral, and antitumor agents (Cameotra and Makkar 2004; Parthipan et al. 2017a) . Lipopeptides also show insecticide activity against the fruit fly Drosophila melanogaster (Assie et al. 2002) , while their larvicidal properties against mosquito vectors have been not evaluated.
Biosurfactants are biologically active compounds produced by various groups of microorganisms (Parthipan et al. 2017b) . They can reduce surface/interface tension with liquid and solid substances (Das and Mukherjee 2007) . Biosurfactants have been extensively utilized in different sectors, such as oil recovery, food processing, cleaning purposes, bioremediation of oil-contaminated sites, and drug development (Makkar et al. 2011; Freitas de Oliveira et al. 2013; Parthipan et al. 2017b, c) . Biosurfactants have many advantages: they are scarcely toxic to vertebrates, eco-friendly, easily degradable, very stable, active at high temperature and salinity, and can be easily produced using cheap organic sources (Rienzo et al. 2016) .
Therefore, the present study focused on biosurfactant produced by two bacteria B. subtilis A1 and Pseudomonas stutzeri NA3, evaluating them for insecticidal applications against A. stephensi mosquitoes. The produced biosurfactants were characterized using Fourier transform infrared (FT-IR) spectroscopy and gas chromatography-mass spectrometry (GC-MS). Both biosurfactants were tested against larvae and pupae of A. stephensi. Finally, their impact on adult longevity and fecundity was also investigated.
Materials and methods

Bacterial strain and culture conditions
In this study, two bacterial strains were used: B. subtilis A1 (KP895564) and P. stutzeri NA3 (KU708859); A1 was isolated from crude oil and NA3 from injection water, both collected at an Indian crude oil reservoir. These bacterial strains were subcultured in Luria-Bertani (LB) medium (g/l 10.0 tryptone, 5.0 yeast extract, 10.0 sodium chloride with 15.0 agar (Himedia, Mumbai, India)) and incubated for 24 h at 40°C for B. subtilis A1 and 30°C for P. stutzeri NA3, respectively. Inoculums were prepared inoculating single colonies in LB broth (pH 7.0) and incubating them in an orbital shaker (150 rpm) at 37°C for 24 h (Parthipan et al. 2017b ).
Biosurfactant production
Biosurfactant production was carried out as described by Parthipan et al. (2017b) . In brief, sterile minimal salt medium (MSM) (g/l-0.5 FeCl 3 , 0.2 MgSo 4 , 1.0 NH 4 NO 3 , 1.0 KH 2 PO 4 , 1.0 K 2 HPO 4 , and 0.02 CaCl 2 (Himedia, Mumbai, India)) was supplemented with 2% sucrose as carbon source. Precultured bacterial strains B. subtilis A1 and P. stutzeri NA3 were inoculated (initial load 1.6 × 10 4 CFU ml
) and incubated for 120 h at 40°C for B. subtilis A1 and at 30°C for P. stutzeri NA3, respectively, in the orbital shaker (150 rpm). After incubation, bacterial biomass was separated by centrifugation at 3400×g at 4°C for 20 min (refrigerated centrifuge, Remi-India: R-248). Biosurfactant-containing solutions were acidified (pH 2.0) with the help of 6 M HCl. The acidified solutions were kept at 4°C overnight to complete precipitation. Precipitated biosurfactants were collected by centrifugation at 8000×g for 20 min at 4°C and dissolved in deionized sterile water (pH 7.0), followed by extraction using 65:15 ratio of chloroform:methanol. Solvents were then removed using a rotary evaporator, and the biosurfactant phase was sluiced with three volumes of hexane, in order to eliminate free fatty acids, alcohols, and alkanes. This procedure was repeated three times and used for further characterization. Both biosurfactants obtained were checked by oil displacement test (Hassanshahian 2014 ).
Characterization of biosurfactants
The obtained biosurfactant was characterized by FT-IR and GC-MS. For FT-IR (Perkin-Elmer, Nicolet Nexus-470) analysis, the biosurfactant was mixed with KBr in the ratio of 1:100 to make a pellet analyzed in the IR region ranging between 400 and 4000 cm −1 . They were also studied by GC-MS as described by Parthipan et al. (2017b) . Briefly, 1 μl of methanol-diluted samples was injected into a gas chromatograph (Shimadzu QP2010 Ultra, Rtx-5Sil MS (30 m × 0.25 mm ID × 0.25 μm)). Helium was used as carrier gas with the flow rate of 1.5 ml min
, and the temperature of the GC injector was set as 260°C. The gradient temperature was set between 60 and 260°C at a rate of 5°C min
, through an isothermal phase 10 min at the end of the run. The electron impact ion basis was constant at 200°C. Mass spectra were observed at 70 keV. The mass spectra were acquired with a m/ z range 40-600 ultra-high-resolution approach with an acquisition speed of 6 spectra/s. Detection of components was made in scan mode by using NIST11 and Wiley8 library.
Toxicity against A. stephensi larvae and pupae
A. stephensi were reared as described by Anitha et al. (2016) in laboratory conditions (75-85% RH; 27 ± 2°C; 14:10 (L:D)). Larvicidal (I, II, III, or IV instar) and pupicidal assays were carried following the method by Kovendan et al. (2012) . Acute toxicity was noted after 24 h of exposure to the tested doses. Each concentration (2, 4, 6, 8, and 10 ppm) was replicated five times (n = 25 individuals per replicate) against all instars (Govindarajan et al. 2011; Madhiyazhagan et al. 2015) .
Impact on A. stephensi longevity and fecundity
We studied the effect of the two bacterial biosurfactants on longevity and fecundity of A. stephensi adults. The impact on longevity and fecundity was investigated following the method reported by Roni et al. (2015) . Both sexes of A. stephensi (10 h old, n = 20 per replicate) were exposed to 2, 4, 6, and 8 ppm of the bacterial biosurfactants, applied on Whatman no. 1 filter paper (size 12 × 15 cm) lining a glass holding tube (length 60 mm, diam. 30 mm) . Control assays were carried out without bacterial biosurfactants. Exposure time was 60 min for all trials. Then, A. stephensi were shifted back to chiffon cages (30 × 30 cm) and fed ad libitum with 10% (w/v) glucose solution. Female individuals were stored for 3 days after their blood meal; thus for this period, the eggs were collected daily . Mean fecundity values were calculated dividing the number of eggs laid in ovitraps per the number of females that were allowed to mate (n = 20). Mortality was observed daily, and the mean lifetime of every mature mosquito was calculated, along with pre-oviposition, oviposition, and post-oviposition periods .
Statistical analysis
Larval and pupal LC 50 and LC 90 values, as well as 95% CL and related χ 2 values, were calculated by probit analysis (Finney 1971) . Chi squares were not significant (Benelli 2017) . The impact of the bacterial biosurfactants on mosquito longevity and fecundity parameters were analyzed by ANOVA followed by Tukey's HSD test. P < 0.05 was considered as significant to assess differences among means.
Results
Biosurfactant characterization
Biosurfactants were effectively produced by both A1 and NA3 strains with the optimized production conditions reported by Parthipan et al. (2017b) . Biosurfactants produced by B. subtilis showed relevant levels of emulsification activity, i.e., 84% (see also Parthipan et al. (2017b) . Both strains showed effective oil displacement activity, as shown in Fig. 1 . A high amount of biosurfactant was produced by B. subtilis A1 (4.85 g/l) as reported earlier (Parthipan et al. 2017b) , while strain NA3 produced 3.81 g/l of biosurfactant.
FT-IR spectroscopy showed that the biosurfactant produced by A1 probably contained the following functional groups: -OH, P-H 2 , C=O, -CH 3 , -CH 2 −, -COOH, O-H, CH 2 , and C-I (Parthipan et al. 2017b) .
Biosurfactants produced by P. stutzeri NA3 were also characterized by FT-IR peaks at different positions are shown in Fig. 2 . Peak at 1442 cm −1 may be due to the presence of N-H, while peaks at 2923, 2853, 1461, and 1391 cm −1 indicated the presence of aliphatic chains (-CH 3 and -CH 2 −). A strong peak at 1639 specified the occurrence of the CO-N bond. The peaks at 1091 and 722 cm −1 may indicate C-N stretching vibrations. If compared to earlier literature on lipopeptide biosurfactants, our FT-IR data confirmed the presence of aliphatic groups joined with peptide compounds, as distinguishing properties of lipopeptide biosurfactants (Zou et al. 2014) . GC-MS characterization showed that the biosurfactants extracted from both bacteria were lipopeptidic in nature. Compounds obtained from strain B. subtilis A1 were fatty acids, i.e., hexadecanoic acid, octadecadienoic acid, and octadecenoic acid (Parthipan et al. 2017b) . Similarly, the biosurfactant from P. stutzeri NA3 showed various fatty acid peaks at different retention times (RT), as follows: 1-dodecanol (Fig. 3a) Toxicity on A. stephensi young instars and impact on adult longevity and fecundity Table 1 shows the larvicidal and pupicidal activities of the biosurfactant synthesized by B. subtilis A1. When tested at 2, 4, 6, 8, and 10 ppm, it was toxic to larvae and pupae of A. stephensi, and LC 50 values were 3.58 (larva I), 4.92 (II), 5.73 (III), 7.10 (IV), and 7.99 (pupa). P. stutzeri NA3 tested at the same doses was also toxic to malaria vectors (Table 2) , and LC 50 values were 2.61 (I), 3.68 (II), 4.48 (III), 5.55 (IV), and 6.99 (pupa). Table 3 summarizes the impact of the biosurfactant from B. subtilis A1 on the development, longevity and fecundity of A. stephensi. Larval duration of I to IV instars of the control increased significantly (P < 0.05) with increasing concentrations of biosurfactant, from 2 to 8 ppm; 2.82, 2.01, 3.60, 4.83, and 4.81 days for pre-pupal duration and 15. 50, 16.36, 17.28, 18.11, and 19 .60 days for pupal duration were observed testing the increasing concentrations of the biosurfactant (for 2, 4, 6, and 8 ppm, respectively). Moreover, testing the increasing concentrations of the biosurfactant, the pre-oviposition, oviposition, and post-oviposition periods significantly decreased (P < 0.05) ( Table 3) .
Male longevity was reduced at 10.32, 9.36, 9.11, 8.48, and 7.45 days when exposed to 2, 4, 6, and 8 ppm, respectively, while for female mosquito, longevity was 15.26, 14.37, 12.61, 9.64, and 8.63 days, respectively. Fecundity, in terms of viable hatching eggs, was also significantly reduced (P < 0.001) to 740.58, 564.59, 334.40, 142.28, and 81.86 number of eggs when testing the increasing concentrations of the bacterial biosurfactant (2, 4, 6, and 8 ppm, respectively).
Comparable trends were observed in Table 4 , which summarizes the impact of the biosurfactant from P. stutzeri NA3 on longevity and fecundity of A. stephensi. Briefly, we observed a significant concentration-dependent relationship on larval and pupal duration data (P < 0.05), and also increasing the tested concentrations, a significant reduction (P < 0.001) in longevity and fecundity of the tested mosquitoes was noted (Table 4) .
Discussion
Recently, several reports have been published supporting Bacillus and Pseudomonas genera as effective biosurfactant producers, since the latter can be used for an extensive range of applications such as bioremediation and biodegradation purposes (Cubitto et al. 2004; Ismail et al. 2013; Pereira et al. 2013; Pacwa-Plociniczak et al. 2014; Greenwell et al. 2016; Parthipan et al. 2017b ). On the other hand, very few reports were available on the mosquitocidal application of the biosurfactants produced by Bacillus spp. and Pseudomonas spp. (Das and Mukherjee 2006; . Biosurfactants are usually composed by a mixture of molecules such as fatty acids, peptides, and polysaccharides. They could be lipopeptides, lipoproteins, glycolipids, phospholipids, and lipopolysaccharides based on the biosurfactant producers. Interestingly, some of these compounds were toxic arthropod pests and vectors (Das and Mukherjee 2006; . FT-IR analyses revealed the occurrence of ester carbonyl groups, phosphines in phosphoserine, and carboxylic acids. Based on our observations, the biosurfactants obtained from B. subtilis A1 and P. stutzeri NA3 were categorized as lipopeptides (Rodrigues et al. 2006; Parthipan et al. 2017b) .
The larvicidal and pupicidal LC 50 values calculated in the present study revealed significant differences in the effectiveness of mosquitocidal biosurfactants produced by the bacterial strains B. subtilis A1 and P. stutzeri NA3, also according to the tested young instar stage. The larvae and pupae of mosquitoes need atmospheric oxygen for their respiration. Due to reduction in surface tension of water by the action of lipopeptides, larvae and pupae were not able to achieve the oxygen, and this can lead them to death (Piper and Maxwell 1971) . Even if the mosquito mortality observed in our study could be primarily due to reduction in surface tension of the water caused by the bacterial biosurfactants, the possibility of biosurfactant toxic action through cuticle penetration cannot be ruled out, since there are reports on the action of surfactin on biological membranes (Vollenbroich et al. 1997a, b; Buchoux et al. 2008 ). Trace elements and carbon level in the culture medium have been reported to enhance the lipopeptide production in strains of B. subtilis (Wei et al. 2007 ). These lipopeptides can bind with sulfur groups of DNA, leading to the rapid denaturation of organelles and enzymes in mosquito. Subsequently, decreases in the membrane permeability and disturbance in proton motive force may cause loss of cellular function, then death (see also Benelli 2016a, b) . Further research on this Fig. 2 FT-IR spectrum of biosurfactant isolated from Pseudomonas stutzeri NA3 Fig. 3 Mass spectrum of the biosurfactant isolated from Pseudomonas stutzeri NA3: a 1-dodecanol, b oleic acid, and c hexanoic acid, octadecyl ester issue is required. In addition, regarding potential ovicidal activity, the biosurfactant treatment can obstruct the egg membrane of mosquitoes, impeding respiration, in a dosedependent way. Eggs and egg shells treated with surface active components become damaged, perhaps because of endosmosis. In our observations, we noted that after the early phase of enlargement, eggs become desiccated, followed by contraction and fatality of larvae trapped within. Eggs and egg shells treated with plant extracts (Souza and Vendramim 2000; Benelli 2015b ) also become damaged, probably due to endosmosis. After the initial phase of swelling, eggs become desiccated, followed by shrinkage and death of larvae trapped within. Besides, the larvae which survive the treatment with the sublethal concentrations of the biosurfactants and emerged as adults oviposited a lower number of eggs. Overall, reports on the action of mosquitocidal compounds on embryo development are rare, but some studies have established that larvae derived from treated eggs can present high transience due mainly to the contact of the insect with the chorion, at the larva eclosion (Prabhaker et al. 1999) or as an effect of utilization of mosquitocidal compounds (e.g., the biosurfactant) present close to the chorion (Rembold 1995) . Lastly, the effect of the biosurfactants on A. stephensi fecundity reported here allowed us to argue that the treatments produce these effects influencing the mosquito endocrine system.
The findings reported in this study are supported by several earlier researches proposing biosurfactants as mosquito control tools. Deepali et al. (2014) isolated biosurfactants from Stenotrophomonas maltophilia, and the biosurfactant was identified as a rhamnolipid; it has no activity at 4 mg/l, but increasing the concentration to 10 mg/l, larvicidal properties have been noted. Furthermore, isolated surfactin, a biosurfactant compound from B. subtilis ssp. subtilis, and highlighted that surfactin showed mosquito pupicidal activity . Similarly, Das and Mukherjee (2006) used lipopeptides extracted from B. subtilis for mosquito larvicidal purposes. Recently, Silva et al. (2015) reported rhamnolipid as an eco-friendly surfactant with insecticidal and repellent activities toward A. aegypti, even if these biological activities have been obtained using a very high concentration, i.e., 1 g/l. If compared to these researches, the present study achieved higher mortality rates using very low concentrations (< 10 ppm).
Our observations highlighted that the biosurfactants produced by both B. subtilis A1 and P. stutzeri NA3 had a lipopeptidic nature and showed high toxicity to A. stephensi Means are followed by SE; within each column, different lowercase letters indicate significant differences (ANOVA, Tukey's HSD test, P < 005) young instars and adults. The biosurfactant mosquitocidal action against larvae and pupae may be due to the biosurfactanttriggered reduction in the surface tension of water, leading to oxygen deficiency underwater. Treatments with bacterial surfactants led to various physiological changes including longer pupal duration and pupation period pupal duration, shorter adult oviposition period, and reduced longevity and fecundity.
To the best of our knowledge, there are really limited reports on the mosquitocidal and physiological effects due to biosurfactant produced by bacterial strains (Das and Mukherjee 2006; . Overall, the toxic activity of these biosurfactants on all young instars of A. stephensi, as well as their major impact on adult longevity and fecundity, allows their further consideration for the development of insecticides in the fight against malaria mosquitoes.
